Photoelectric non-contact measurement methods have been widely implemented in space target location, micro-displacement measurement and space optical communication. In term of the reliability and precision of measurement systems, it is a great significance to obtain the laser center location accurately. Since the two-dimensional position sensitive detector (2-D PSD) can continuously detects the gravity center position of the laser spot on its photosensitive surface, this paper provides a flexible method with high precision for the nonlinear correction of PSD as well as a new idea for PSD-based moving laser center positioning. Above all, a laser device system that rotating around a fixed-axis is designed, and the rotation angle can be controlled with the rotation accuracy of 0.5 • . The trace of the gravity center of the rotating spot generated by the device on the PSD surface is detected, and then the laser center location is obtained after further processing of data. In order to improve the detection accuracy of PSD, this research mainly focuses on the nonlinear correction method of the detector and the fitting method of the gravity center trace of the laser spot. Moreover, the effects of different sizes of light spots projected onto the 2-D PSD on the collected photocurrent and estimated coordinates were analyzed by experiments. From the experimental results, the non-linear error of PSD is corrected by the error curved surface interpolation method, the overall error is reduced by more than 32%, and the linearity of the positioning of the laser moving along the diagonal of PSD is 0.2%. INDEX TERMS Position sensitive detector, rotating laser, curve surface fitting, laser center location.
I. INTRODUCTION
With the improvement of the monochromaticity and directionality of semiconductor lasers in recent years, the optical non-contact measurement techniques which aims at positioning and measuring have been extensively applied to such aspects of space optical communication, industrial inspection, optical positioning, laser alignment and target tracking, etc. [1] . The purpose of laser-based measurement system with photoelectric devices is to convert optical signals into electrical signals. Then, acquisition and processing of electrical signals indirectly obtain information of optical signals. Finally, we establish the geometric mathematical model between the optical signals and the target object, and solve The associate editor coordinating the review of this manuscript and approving it for publication was Usama Mir . the model to gain the position and attitude information of the measured object [2] , [3] .
Common photoelectric devices include charge coupled device (CCD), four-quadrant detector (QD), and position sensitive detector (PSD). Compared with other devices, PSD possesses great advantages in non-contact measurement field in light of its simplicity of signal processing, high position resolution, wide spectral response, excellent measurement continuity and the ability of simultaneous measurement of laser position and intensity [4] , [5] . Xiao developed a flexible, high cost-effective and wide dynamic range photon beam position measurement (PBPM) system based on the PSD, and it has been used on Hefei Light Source (HLS) [6] . David presented an indoor positioning system (IPS) for detecting mobile agents based on a single position sensitive device sensor sited in the environment located on mobile agents [3] , [7] , [8] . The proposed IPS determined accurately position by the angle VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ of arrival (AoA) of the beam signals received at the PSD sensor with lower cost, easier to install and low computational load. Tong proposed a technique and an automated system of measuring screw thread parameter based on the theory of laser measurement, which core is a laser triangulation method based on PSD to measure displacement [9] . However, PSD-based measurement system usually be faced with two problems: background light interference and sensor nonlinearity. For the former problem, We can apply the technique of light intensity modulation and band-pass filter to enhance the signal to noise ratio(S/N) [10] , [11] . The latter problem mainly comes from the design structure of the sensor. Therefore, we are more concerned about how to improve the nonlinearity through computer algorithm. Calibration methods are mainly divided into two categories: linear interpolation and artificial neural network [12] . Zheng realizes partial correction of PSD by bilinear interpolation algorithm based on the platform of LABVIEW [13] . Yang introduced how to improve the nonlinearity of PSD by BP neural network and realized by MATLAB toolbox [14] .
Considering the above solutions, in order to further improve the detection accuracy of PSD, this paper puts forward a proposal of a PSD-based positioning of laser center by the means of rotation. The method is divided into two main steps. The correction of nonlinearity is achieved first by the error curved surface interpolation approach and then the gravity center trace of the spot can be disposed by the Pratt method. In the end, the purpose of the high-precision center position of moving laser can be achieved. It should be noted that this method needs to consider the size of the spot projected onto the PSD surface and the range of PSD photosensitive area, and effect can be optimized by selecting the appropriate spot size.
Moreover, the rotating laser device can be employed in many fields. In the field of optical communication [15] , highquality linearly polarized light can be used to replace the laser beam, making it a highly efficient and flexible encoder. In the field of precision machinery [16] , this device can be applied to the axial calibration of precision instruments [17] .
II. NONLINEAR CORRECTION OF PSD A. WORKING PRINCIPLE OF PSD
The PSD as a light spot position detector, it worked based on the lateral photoelectric effect of a semiconductor [18] which can be described by Lucovsky algebraic equation [19] . Wang has investigated the different characteristics of PSDs including the duolateral, tetralateral, and pincushion which classified by boundary shape [20] .
Take the pincushion PSD based on the Gear theorem [21] as an example, it is an improved version of the basic tetralateral type which has boundary of circular arc-shaped. Its physical principle is shown in Fig. 1 . The middle of the edge of the photosensitive surface has four electrodes used for collecting photocurrent. Furthermore, a common electrode on the back side is provided for applying a reverse bias voltage to gain better linearity at work. When a light source is projected onto the photosensitive surface to generate a spot, the light energy is converted into photocurrent flowing between the PN junctions. Then, the photocurrent is diffused in the form of a lateral current on the resistive layer of the photosensitive surface and collected by the four electrodes of the edges [4] , [22] . The current intensity of the four electrodes corresponds to the position of the light spot. From these photocurrents the x and y position of the gravity center of the spot are found from the following equations [20] , [23] :
where I X 1 , I X 2 , I Y 1 and I Y 2 represent the current intensity collected for the four respective electrodes, L X and L Y denote the size of the PSD photosensitive surface, λ is a linearity correction coefficient. Selecting the appropriate value can improve the accuracy of position estimation.
B. ERROR CURVED SURFACE INTERPOLATION METHOD
In view that the non-uniformity of the silicon wafer material used to produce the PSD exhibits a gradient change, therefore, the position error function E(x, y) on the photosensitive surface can be deemed as a gradient surface. If the PSD photosensitive surface is discretized and the surface on the mesh is fitted by a binary high-order polynomial, the error value on the non-grid can be acquired by the surface interpolation method. By subtracting the error value from the measured value, the approximated position of the point can be obtained [4] , [7] . The curved surface with position errors on the X and Y directions is expressed as: 
where a ij and b ij denote the surface parameters. The 2-D PSD photosensitive surface is discretized into equally-spaced square grids to obtain the measurement points of k coordinates (x k , y k ), where k > (n + 1)(n + 2)/2 is required. The position error value on the X direction corresponding to each measurement point represented as e xk and according to E x (x, y), we have:
The above equation can be abbreviated as:
Similarly, the linear equations with position error e yk on the Y direction is as follows:
For the purpose of a better fitting effect, it is necessary to select the largest possible k to construct overdetermined equations [24] . The α value obtained at this time satisfies that Aα is as close as possible in the sense of the least square error.
According to (4) and (5), we draw the conclusion of the equations of α = A + e x and β = A + e y . Under the condition of over-determination, we gained that A + = (A A) −1 A , thereby calculating the values of α and β [25] , [26] , and completing the fitting of the error curved surface.
III. LASER CENTER POSITIONING BY THE MEANS OF ROTATING A. DESIGN OF ROTATING LASER SYSTEM
As a typical Gaussian light source, the laser bean produces a light spot with uneven energy distribution when projected onto the photosensitive surface of PSD [27] . At steady state, PSD can continuously detect the gravity center position of the laser spot which is independent of the size of the spot and the energy distribution of the light source [5] , [28] . When the laser rotates around a fixed axis, the continuous trace of PSD can be approximately circular curve and the center of the circle should be the actual center of the laser bean. Based on this reasoning, we propose a new method to detect the laser center.
Inspired by the laser shaft alignment instrument [29] , [30] and the coaxiality measurement instrument [31] , we designed a rotating laser device which can obtain rotating stable light spot. The rotating laser device consists of a semiconductor laser, a diaphragm coupling and a hollow shaft stepping motor, as shown in Fig. 2 . The metal diaphragm coupling is used to compensate the axial, radial and angular deviation between the stepping motor and the laser to improve the alignment accuracy of the device. The power cord pass through the hollow shaft.
The composition of the rotating laser control system is given in Fig. 3 . The control of the rotating laser unit is composed by the STM32 microcontroller and the DC stepper motor driver. The software interacts with the microcontroller through the computer serial port to accomplish the open-loop control of the stepper motor. Moreover, the repeatability experiment shows that the rotation resolution of the system is 0.001 • , the accuracy is 0.5 • , the rotation range is 360 • , and the response speed is 10ms. When the rotating laser device is operated, the total energy change of the projected spot can be measured by an optical power meter. Note that the laser beam is projected vertically onto the light power meter surface. It can be seen from Fig. 4 that the variation of the optical power is small and stable within ±1 µw.
Next, Fig. 5 shows the changes in the rotation of a laser spot, and supposes that the red dot indicates the gravity center position of the spot. The digital image of the spot clearly shows that the energy distribution is not uniform and the shape is not an ideal circle. However, the energy distribution of the spot does not change significantly during the rotation.
In addition, we measured the energy distribution of the spot in the orthogonal direction, as shown in Fig. 6 . The energy in the X and Y directions is approximately in accordance with the Gaussian distribution of the laser energy, but the difference between them is still apparent, which means that the energy center of gravity and the center of the spot do not coincide. Therefore, the traditional digital image processing method is difficult to obtain an ideal laser center position under the case of non-uniform spot [32] . However, the proposed positioning method is to utilize the PSD to detect the gravity center of the light spot, which greatly reduces the requirements for the spot.
B. PRINCIPLE OF LASER CENTER POSITIONING
After describing the designed device, the process of rotating laser spot center location is introduced in Fig. 7 . The rotating laser device rotates counterclockwise for one circle to obtain continuous trace coordinates (x i , y i ) (i = 1, 2, . . . , l). Then the trace data are processed by fitting algorithm, and the center coordinate (x c , y c ) and the radius length r are obtained.
Considering the important index of positioning systemresponse speed, we adopt the Pratt algorithm based on algebraic fitting to process the trace data. The traditional geometric algorithm requires multiple rounds of iteration to solve the parameters of the circular curve, while the Pratt algorithm is able to obtain them by minimizing the objective function. Therefore, the Pratt algorithm calculates simpler and faster than the geometric one. Besides, it still shares approximate accuracy with geometric fitting methods [33] , [34] . The algebraic equation of the circular curve is:
If the unknown parameters in the above equation are expressed as z = x 2 + y 2 , Z = [ z x y 1 ] T , and the algebraic parameter vector is represented by P = [ A B C D ] T , then the above equation can be written as Z T P = 0 [33] . Therefore, the problem of solving the parameter vector can be transformed into a minimization problem with constraints:
By using the Lagrange multiplication method, the minimum problem can be addressed and the Lagrange function is constructed as follows [35] :
where λ indicates the Lagrange multiplier. Differentiating with respect to P gives the first order necessary condition:
In light of the invertibility of Q [33] , we have:
Then λ and P denote the eigenvalues and eigenvectors of the matrix Q −1 J , respectively. According to (9) , the equation P T JP − λP T QP = P T JP − λ = 0 is deduced, and further the extreme value of P T JP is λ. The symmetric matrix Q −1 J has four real eigenvalues, and P T JP < 0 indicates no practical meaning. Therefore the values of λ and P should be the minimum positive eigenvalue of the matrix Q −1 J and its corresponding eigenvector, respectively [33] , [35] , 36]. After tackling the minimum value problem, the standard equation of the circular curve is expressed as:
where (B/2A, C/2A) means the center position (x c , y c ) of the circle, and [(B 2 + C 2 − 4AD)/4A 2 ] 1/2 indicates the radius r of the circle curve. Moreover, the fitted center represents the position of the laser center.
In addition, we define the accuracy of the trace curve fitting. Suppose the variation in the radial direction of any point in the trace relative to the circular curve is given by:
Then, the fitting accuracy is expressed by the roundness value Ce:
IV. EXPERIMENT AND RESULT ANALYSIS
To verify the feasibility of the proposed rotating laser location method, an experimental platform is designed, as displayed in Fig. 8 . The experimental setup consists of a 2-D pincushion PSD from Hamamatsu Photonics, a semiconductor laser tube with wavelength of 650nm and adjustable beam size, a fixed-axis rotating device and a three-dimensional numerically-controlled platform. Pincushion PSD is more likely to reach the state of nearly fully reverse-biasing then duolateral PSD, and still has better linearity than tetralateral PSD [20] . The acquisition and processing of PSD signals can be referred to this paper [7] , which mainly includes current amplification, reversal and operation. The pincushion PSD we selected has an effective photosensitive surface of 9mm × 9mm, response time of 2µs, spectral response range of 320nm-1100nm and peak sensitivity wavelength of 960nm and. The minimum displacement distance and precision of the numerically-controlled platform is 0.01mm and 0.001mm respectively. Before the experiment, the laser rotating device consisting of the laser tube and fixed-axis rotating device is fixed on the numerically-controlled displacement platform with optical fixture. The PSD is fixed on an optical precise two-axis platform, and the whole system is well aligned by adjusting the platform [23] . We turned on the laser rotating device for a period of time to stabilize the spot. Furthermore, the whole experiment is carried out in a low light environment.
The specific experiment scheme is divided into two parts: nonlinear correction by error curved surface interpolation and positioning of moving rotating laser center by Pratt method.
A. NONLINEAR CORRECTION BY ERROR CURVED SURFACE INTERPOLATION METHOD
In order to validate the effectiveness of the error curved surface interpolation method, the experiment of scanning the photosensitive surface is conducted. Before the experiment, it is necessary to choose the appropriate spot size. Considering that the photosensitive surface of PSD is a limited range, we focus on the positional changes of the vertex coordinates of the sensor surface under different spot sizes. We first control the displacement platform to move the laser beam to the reference position. Then, we can adjust the optical lens set inside the laser tube to change the size of the laser beam that projected onto the surface of the PSD, and the measured results are recorded in Table 1. where V X 1 , V X 2 , V Y 1 and V Y 2 represent the electrode signals after current-voltage conversion, amplification and reverse processing. We select the appropriate linear constant λ = 1.2 to calculate the estimated coordinates. The selection of λ should satisfy the requirement of small overall position error and the linear range is extended as far as possible. Analysis of data in Table 1 , we find that the total optical energy of PSD decreases slowly with the increase of spot size. In addition, the position errors between the estimated coordinates and the reference coordinates increases gradually. Therefore, it is reasonable to infer that the smaller the spot, the more concentrated the energy, and the more accurate the PSD position detection. Considering that the spot will rotate at the boundary of the PSD surface, we finally choose the spot with a diameter of 1 mm to carry out the experiment.
During the experiment, the three-dimensional displacement platform is first adjusted to make the laser beam projected onto the central area of the PSD surface. Then, we fine-tune the two-axis displacement platform used for fixing PSD until the estimated position calculated by the voltage signals is at the origin of the coordinates. Finally, we adopt spiral rectangular scanning method to scan the photosensitive surface, with step size of 1mm and sampling frequency of 200Hz. We collected 500 sets of data at each reference position, and used the average of each set of data to represent the estimated coordinates of this point, as shown in Fig. 9 .
We use the bivariate quintic polynomial to fit the position error data obtained by deviation of coordinates in the X direction. The reason for choosing the fifth order is that the appropriate order is more accord with the variation of the error. For different types of PSDs, we can flexibly change the order of polynomial to have better fitting results. The intensity diagram in Fig. 10 visually indicates that the error at both ends is significantly higher than central region.
Similarly, we can process the error data in the Y direction and finally gain the position error fitting surface E(x, y) . The result of the processing is a conical surface, with a gradient descending trend from the periphery to the center, as shown in Fig. 11 . The average errors in X and Y directions are 0.0642mm and 0.1105mm, respectively.
Next, the nonlinear distortion of the PSD is corrected using the error curved surface interpolation method. From Fig. 12 , it can be seen that the position deviation of the estimated coordinates is corrected and the linearity of the trace is greatly improved. Obviously, the output error of the PSD in the range of effective 9mm × 9mm is significantly reduced.
From Fig. 13 , It can be intuitively seen that the corrected curved surface transform from the original conical gradient surface to a gentle small-gradient surface. The position error is greatly reduced and it becomes irregular. It is worth noting that the average error in X and Y directions are reduced to 0.0063mm and 0.0088mm, respectively. In addition, the overall position error decrease by more than 32%. Therefore, the correction method effectively improves the positioning accuracy and extends the detection range of the PSD.
B. MOVING LASER CENTER POSITIONING BY PRATT METHOD
The moving laser positioning experiment is carried out to verify validity of the proposed method. In the experiment, 9 positions on the diagonal of the 9mm × 9mm photosensitive surface are selected as the reference measurement points. First, we adjust the three-dimensional displacement platform to move the laser beam that aligned with the coordinate origin to the starting position (−4, −4). Next, we control the fixed-axis rotating device to rotate three times counterclockwise and process and record the sensor's electrode signal. For other locations, we move the laser beam along the diagonal of the photosensitive surface to repeat the acquisition process. After all the positions have been measured, we obtain 9 sets of trace data and reduced the measurement error by averaging. Finally, the modified trace is shown in Fig. 11 by using error curved surface interpolation method.
When the spot rotates in the boundary area of the PSD, the gravity center position beyond the effective detection range of the PSD, which leads to huge abnormal positional distortion. We refer to this phenomenon as the edge effect, and Fig. 14 also validates this theory. The edge effect cannot be optimized by nonlinear correction, but we can improve the positioning accuracy by selecting a smaller diameter spot or sacrificing a tiny effective detection area of the boundary.
Next, we use Pratt method to fit each group of trace data. From Fig. 15 , it can be seen that the trace fitting effect on the central region of the photosensitive surface is significantly better than that of the edge. The causes of this phenomenon include the nonlinear and edge effect of the PSD that cannot be completely avoided. Moreover, the specific data about the fitted center coordinates, radius and errors are shown in the Table 2 . Fig. 16 visualizes the change trend of fitting results. We calculate that the average roundness value and the average trace centrifugal variation are 0.0137mm and 0.0046mm, respectively. Considering the ideal case of eliminating the distortion trace at both ends, the two values can be reduced to 0.0098mm and 0.0033mm, respectively. Therefore, within the range of effective detection surface, the proposed method has strong robustness and high fitting accuracy.
Furthermore, we adopt the Bisquare method to perform linear regression analysis on the position coordinates to check the positioning accuracy. After analysis, the regression model is as follows:
where Y op denotes the position model of the original point, Y cp means the position model after the nonlinear correction and Y lcp indicates the position model of the laser spot center (the center of the fitted trace). The SSE (sum of squared errors) of the three regression models reach 6.799 × 10 −3 , 4.934 × 10 −4 and 1.32 × 10 −3 , respectively, which can comprehensively reflect the internal relationship between the position data. According to the relationship between the linear models in Fig. 17 , it can be seen that the position coordinate corrected by the error curved surface interpolation method are closer to the actual values, and the linearity is reduced from 1.84% to 0.04%. Besides, the linearity of the laser center position model is 0.2%, which accurately represents the position change of the laser center. It is proved that the accuracy of proposed method can be satisfied with the requirements of laser-based non-contact measurement. 
V. CONCLUSION
In conclusion, we have investigated a technology and system to improve the accuracy of laser center positioning by 2-D PSD. Specifically, this paper provides a simple and flexible method with high precision for the nonlinear correction of PSD as well as a new idea for PSD-based moving laser center positioning. We deduce the calculation process about the whole method and design laser rotating device with stable spot. We verify the effects about different sizes of light spots projected onto the 2-D PSD on the collected photocurrent and estimated coordinates. Experiments have shown that the accuracy of proposed method can be effectively improved by selecting a smaller size spot. For the inherent nonlinearity of PSD, we adopt the error curved surface interpolation method to optimize the measurement data, and then the overall position error is reduced by approximately 32%. Moreover, the trace of the gravity center of the laser spot is processed by Pratt algorithm based on algebraic fitting, the mean and standard deviation of the fitted radius reach 0.2928mm and 0.0055mm, respectively. Finally, we attempt to locate the laser center that is moving along the diagonal of the PSD. The experimental results prove that we have achieved the satisfying accuracy with a linearity of 0.2%.
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